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The crystal structure of the interferon-induced member of the dynamin family MxA presented by Gao et al.
(2011) in this issue of Immunity reveals the molecule’s higher-order structure, thereby providing insight
into the protein’s antiviral action as a molecular machine.In 1962, Jean Lindenmann reported the
resistance of a subline of inbred mice to
intracerebral exposure to influenza A virus
(Lindenmann, 1962). This short report of
barely one page set in motion 50 years
of research, which has culminated in the
atomic resolution of the structure of MxA,
the protein responsible for this phenom-
enon. The nucleotide-free structure of
MxA, presented in this issue of Immunity
by Gao et al. (2011), is revealed to have
an extended three-domain architecture
characteristic of dynamin-like GTPases.
The protein is composed of an amino
(N)-terminal globular head, encoding the
catalytic GTPase (G) domain, and an ex-
tended structure composed of three
helices termed the central bundle signal-
ing element (BSE) and the stalk consisting
of the middle domain and the amino
(N)-terminal part of the GTPase-effector
domain (GED). BSE and GED are essen-
tial for both oligomerization and antiviral
function. Critically, two hinge regions
bracket the central BSE domain to medi-
ate mechanochemical movement. The
mechanistic structural model proposed
by Gao et al. (2011) in this issue of
Immunity must be placed in the context
of the recently reported structures of
human dynamin 1, which is involved in
the scission of clathrin-coated vesicles
from the plasma membrane (Faelber
et al., 2011; Ford et al., 2011). The com-
parison suggests stalk-mediated assem-
bly of protomers, initially in a relaxed
conformation, which is then constrained
by GTP binding and hydrolysis that has
a remarkable degree of similarity, albeit
on very different substrates (Figure 1).
Of the more than 2,000 interferon-
stimulated genes (Hertzog et al., 2011),
MX1, which encodes for MxA, is one of
the most highly inducible and potent anti-
viral factors characterized to date (Sadler
and Williams, 2008). Although originallyidentified to restrict influenza virus, MxA
has subsequently been demonstrated to
block the early replication events of a
range of different RNA and DNA viruses.
It was proposed that MxA targeted viral
nucleoproteins via direct binding with
the stalk domains of the protein. Accord-
ingly, the relative sensitivity of different
influenza strains to MxA is determined
by the viral nucleoprotein (Zimmermann
et al., 2011). By binding of nucleocapsid
at viral replication sites at the smooth
endoplasmic reticulum and Golgi mem-
branes (Kochs et al., 2002), MxA ef-
fectively blocks infection. In addition to
identifying the residues that bound nucle-
oprotein, in previous studies, mutational
analysis had identified residues that insti-
gated oligomerization and were also re-
quired for antiviral activity. However, the
additional detail of the molecular mecha-
nism by which MxA impedes viral replica-
tion was unknown. The crystal structure
resolved here provides insights into the
antiviral function of MxA. The value of
the MxA structure is enhanced by recent
reports of highly informative crystal struc-
tures of the founding member of the
dynamin GTPase family, dynamin 1, in
both nucleotide-free and -bound states
(Faelber et al., 2011; Ford et al., 2011).
MxA and dynamin 1 share a common
architecture, and similar to dynamin 1, hu-
man MxA assembles into tetramers and
shows low-affinity binding of guanine nu-
cleotides, concentration-dependent olig-
omerization, and assembly-stimulated
GTPase activation.
Based on earlier studies of MxA oligo-
merization by some members of the
same group, Gao et al. (2011) prepared
assembly-defective stalk mutants to
avoid higher oligomers that might prevent
crystallization. Crystals of an MxA variant
with four alanine substitutions in inter-
facing helices and a deletion of 29 aminoImmunity 35acids that form a loop at the base of the
stalk (coded L4) were obtained that
resolved to 3.5 A˚. This close-to-full-length
structure confirmed MxA to be an elon-
gated molecule with a three-domain G,
BSE, and stalk structure. The four helical
bundle stalk recapitulated that seen in
the earlier reported structure of the iso-
lated stalk. The BSE was formed from
three helices (a1–3) from disparate regions
of MxA and was not coincident with the
domains identified in the primary
sequence. BSE is connected to the glob-
ular G domain by helix a1 and to the C
terminus of a2, with a proline residue at
this site acting as a hinge (coded hinge 2).
The C terminus of BSE has a second hinge
(coded hinge 1) that is composed of two
loops (L1 and L2). Mutational analyses of
the dynamin homologous hinge 1 resulting
in reduced GTPase activity suggest its
importance in conformational coupling of
the G domain to the stalk. Similarly, muta-
tional analyses of MxA hinge 1 performed
by Gao et al. (2011) indicated its impor-
tance for the assembly of MxA oligomers
under native conditions and for higher-
order oligomer formation and regulated
control of GTPase and antiviral activity.
MxA oligomers were stabilized by stalk-
stalk interactions andbycontacts between
the stalk and the BSE of the neighboring
molecule. Interestingly, mutations in the
BSE-stalk interface enhanced GTPase
activity, suggesting that the BSE-stalk
interaction confers an autoinhibitory func-
tion. Conservation of the BSE-stalk inter-
actions was critical for antiviral activity.
Resolution of MxA as oligomers pro-
vided the opportunity to develop a molec-
ular model of higher-order assembly.
This shows that MxA is able to oligomer-
ize via stalk-mediated assembly into mul-
timeric filamentous or ring-like structures
and shares the dynamin-like property
of assembly around lipid membranes., October 28, 2011 ª2011 Elsevier Inc. 491
Figure 1. Oligomerization, GTP Binding, Hydrolysis, and
Conformational Changes in MxA
Monomeric MxA consists of the globular G, BSE, and GED domains that coor-
dinate oligomerization to form higher-order structures and impart mechanical
movement to the macromolecule. Oligomerization proceeds by interactions
between the GED and BSE to form protein bilayers that form into ring-shaped
structures that have the G domains pointed outward and the substrate inter-
action domains pointed inwards. Separate MxA ring structures initially interact
weakly via their G domains, thereby breaking the BSE-stalk inhibition of the
enzyme’s GTPase activity. Subsequent binding and hydrolysis of GTP causes
intramolecular movement that probably generates a twisting motion of sepa-
rate MxA rings relative to each other. Presumably this twisting motion imparts
critical sheer stress to viral nucleoproteins bound at the internal surface of the
MxA ring.
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microscopy (TEM) suggests
that both form a T-bar-like
shape. However, unlike dyna-
min 1, the lipid interaction
doesnot stimulate theGTPase
activity of MxA. MxA GTPase
lacks the pleckstrin homology
(PH) domain in dynamin 1
that is responsible for lipid
interaction. Rather, there is an
unstructured loop (L4) whose
positively charged residues
may be responsible for lipid
binding, as shown by the fact
that substitutions of the lysine
residues within this loop ab-
rogate lipid binding without
affecting oligomerization. Al-
though functionally the role of
the loop L4 in lipid binding of
MxA is analogous to that per-
formed by the PH domain of
dynamins, as mentioned,
there is no change in GTP
hydrolysis and it is proposed
that lipid binding of MxA both
protects from proteolytic de-
gradation and provides a
latent pool for tetramer forma-
tion and antiviral activity when
required. Cryo-TEM studies
show that both dynamin 1
and MxA share a similar mor-
phology in their membrane-
bound state, although MxA
but not dynamin 1 self-as-
sembles into rings under phy-
siological conditions (von der
Malsburg et al., 2011). Fur-
ther microscopic studies, with
cryo-EM, show the existence
of ring-like MxA oligomers
around liposome tubes. To
account for this, Gao et al.
(2011) have proposed amodel
of MxA rings with the stalks
forming the inner layer and
the G domains projecting out-
wards, allowing for conforma-
tional changes, induced by
nucleotide binding and hydro-
lysis, to be transmitted from
the G domain to the stalk
via the hinged BSE inter-
face. This leaves the putative
substrate-binding loop L4
pointing toward the inside
of the ring where it could492 Immunity 35, October 28, 2011 ª2011 Elsevier Inc.interact with viral or mem-
brane structures.
The proposed structure
accounts for antiviral pheno-
types previously associated
with mutations introduced
into MxA. These can disrupt
the interactions between the
BSE and stalk, thereby dis-
rupting any conformational
changes induced by the G
domain being communicated
via the BSE to the stalk. How-
ever, the question remains of
how these structurally impor-
tant elements come together
in an oligomeric higher-order
complex to exert antiviral ac-
tivity against a broad range
of viruses. The authors pro-
pose that this is achieved
via the formation of MxA
oligomeric rings around viral
nucleocapsids, presumably
aided by GTP binding to the
G domain exposed on the ex-
terior of these rings, leading
to signal transmission via the
BSE. How this signal then
leads to destruction of the vi-
ral nucleocapsids is not clear,
but probably involves confor-
mational changes not dis-
similar to that of dynamin 1,
where a twisting movement
is proposed to pinch off mem-
branes. However, the higher-
order structural models of
MxA and dynamin 1 differ in
that MxA has been proposed
to form a closed ring, whereas
dynamin 1 oligomerizes into
a helical structure. The dyna-
min 1 helical filament forms
around a lipid, then G do-
mains on adjacent turns of
the helix bind GTP, with en-
suing dimerization disrupting
the inhibitory stalk-BSE inter-
action, to then enable GTP
hydrolysis and concomitant
constriction of the dynamin
helix. MxA also oligomerizes
around liposomes, although
unlike dynamin, with MxA
this can occur spontane-
ously, and GTP-binding and
G domain dimerization must
occurbetweenseparate rings.
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formational changes in MxA presumably
induce stress sufficient to destabilize
bound viral nucleoproteins. Clearly, MxA
needs to function much more flexibly
than dynamins given that it interacts with
a variety of viral targets. Although the
overall structural elements and assembly
properties are closely shared with dyna-
min, the detailed mechanism of action on
its viral targets awaits further analysis of
MxA-nucleoprotein complexes. Toward
this end, the influenza A virus nucleopro-
tein crystal structure has been reported
(Ye et al., 2006), suggesting the possibilityof molecular modeling or even cocrystalli-
zation with MxA in the near future.REFERENCES
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In this issue of Immunity, Bonnet et al. (2011) show that skin-specific ablation of the adaptor protein FADD
sensitizes keratinocytes to RIPK3-dependent necrotic cell death, which leads to severe skin inflammation.The skin is the first line of defense against
environmental insults such as chemical,
physical, and microbial challenges and
protects against water loss. It consists
of an outer squamous epithelium, the
epidermis, and the dermis. The epidermis
mainly contains keratinocytes, which
differentiate in order to produce functional
skin. Defects in the homeostasis between
keratinocyte proliferation and differentia-
tion cause a variety of skin disorders,
including psoriasis, dermatitis, and skin
cancer. Because the epidermis is con-
stantly challenged by antigens and mi-
crobes, it also acts as an immune barrier
producing antimicrobial peptides and
contains different types of inflamma-
somes. To prevent excessive inflamma-
tion, desensitizing mechanisms probably
exist in the epidermal layers of skin
and in theepithelia lining thegut and lungs.In this issue of Immunity, Bonnet et al.
(2011) show that in experimentally unchal-
lenged skin, the apoptotic machinery in
keratinocytes protects the epidermis
against necroptosis and severe inflamma-
tion. Their data suggest that prevention
of necrotic cell death could be exploited
in managing inflammatory skin diseases.
Inappropriate cell death in the epi-
dermis can disrupt the architecture and
integrity of the skin and lead to inflamma-
tion, barrier disruption, blistering, and
excessive water loss. There are twomajor
morphological forms of cell death: apo-
ptosis and necrosis. The major cell death
pathway during homeostasis and dis-
ease, apoptosis, removes unwanted and
harmful cells in an immunologically silent
way. Necrosis has long been considered
an accidental form of cell death caused
by physical or chemical damage. Duringrecent years it has become clear that
certain necrotic cell death pathways are
as controlled and programmed as apo-
ptosis and are therefore called regulated
necrosis or necroptosis (Vandenabeele
et al., 2010). The best-studied ligand
involved in necroptosis induction is
tumor necrosis factor (TNF). Triggering
of its main receptor (TNFR1) results in
formation of multiprotein complexes
that can induce inflammatory signaling,
apoptosis, or necroptosis. The signaling
pathways governing apoptosis and nec-
roptosis interact mutually. The receptor
interacting kinases RIPK1 and RIPK3
decide life and death, but can be inacti-
vated by the apoptotic machinery (FADD,
caspase-8, and FLIPL). Upon TNF
stimulation in the absence of sufficient
caspase-8 activation (e.g., in the pres-
ence of chemical or viral caspase, October 28, 2011 ª2011 Elsevier Inc. 493
